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Tapping-mode near-field scanning optical microscopy~NSOM! employing a cantilevered fiber optic
probe is utilized to image the fluorescence from single molecules and samples in aqueous
environments. The single molecule fluorescence images demonstrate both the subdiffraction limit
spatial resolution and low detection limit capabilities of the cantilevered probe design. Images taken
as a function of tip oscillation drive amplitude reveal a degradation in the resolution as the
amplitude is increased. With all cantilevered probes studied, however, a minimum plateau region in
the resolution is reached as the drive amplitude is decreased, indicating that the tapping mode of
operation does not reduce the optical resolution. Images of fluorescently doped lipid films illustrate
the ability of the probe to track small height changes~,1.5 nm! in ambient and aqueous
environments, while maintaining high resolution in the fluorescence image. When the tip is
immersed in water~1.3 mm!, the cantilevered NSOM tip resonance, 25–50 kHz, shifts
approximately 100–150 Hz, the amplitude dampens less than 40% and theQ factor is reduced from
300–500 to 100–200. ©1998 American Institute of Physics.@S0003-6951~98!04022-4#o
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theNear-field scanning optical microscopy~NSOM! has
been successfully utilized to investigate a wide variety
samples ranging from solid state devices to sin
molecules.1–5 As the technique continues to evolve, develo
ments that improve upon the imaging performance, flexi
ity, and ease of use continue to appear. As part of this
velopment, our group and others have been exploring
imaging capabilities of cantilevered NSOM tips.6–9 Instead
of dithering the probe laterally with respect to the sam
surface, as is done in the shear-force technique, these pr
are oscillated normal to the sample surface in a tapp
mode force feedback arrangement, much like tapping-m
AFM.
In a previous report, initial results using cantilever
NSOM tips to image fluorescently labeled rat cortical ne
rons were presented.7 These samples exhibited complex t
pographies and were selected for the study to demons
the ability of the cantilevered probe to track large chan
~microns! in sample height, which are often challenging
accurately follow using the shear-force technique. The
hanced surface tracking capabilities, high resolution, and
duction in forces imparted to the sample make the can
vered probes well suited for imaging biological specime
However, in spite of these encouraging results, the can
vered probes do suffer from several disadvantages comp
to conventional tips. They are harder to fabricate due to co
plications arising from the aluminum coating process a
they suffer from large bending losses, which dramatica
reduce their light throughput efficiency. In general, the c
tilevered probes are at least an order of magnitude less
cient than conventional straight NSOM probes fabricated
our lab. This raises concerns about their general utility,
pecially in low light level applications such as single mo
ecule detection and spectroscopy.
Single molecule spectroscopy is emerging as a powe
tool for probing systems free from the ensemble averag
encountered in bulk samples.1,2,5 As such, the ability to fluo-
rescently image single molecules using new NSOM tip2950003-6951/98/72(23)/2954/3/$15.00
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signs becomes an important criterion for evaluation.
stated earlier, the large bending losses encountered with
cantilevered NSOM probe raise concerns about their ab
to deliver enough light for these types of applications. Ho
ever, because the reduction in throughput results from be
ing losses that occur far from the tip aperture, more light c
simply be coupled into the probe to compensate for the la
losses.7 Therefore, comparable excitation powers are atta
able with the cantilevered tip, since the limiting factor o
output power for both aluminum coated tip designs ari
from local heating effects occurring near the tip aperture.10,11
This is illustrated in Fig. 1 which shows the NSOM fluore
cence image of single molecules taken using a cantileve
near-field tip.
Shown in Fig. 1 is a 10mm310 mm NSOM fluorescence
image of single dye molecules dispersed in a lipid fil
Monolayers consisting of L-a-dipalmitoylphosphatidyl-
choline ~DPPC! ~sigma!, doped with 131026 mol % fluo-
rescent 1, 18-dioctadecyl-3,3,38,38-tetramethylindocarbo-
cyanine perchlorate (diIC18) ~Molecular Probes!, were de-
posited onto a mica surface at a surface pressure of 15 m
utilizing the Langmuir–Blodgett technique~Model 611,
Nima Technology!. The dye was incorporated into the lipi
monolayer to decrease the effects of photobleaching. E
peak in Fig. 1 represents the fluorescence from a sin
diIC18 molecule and has a FWHM of approximately 110 n
which reflects the diameter of the NSOM probe used in
imaging. The 2563256 pixel image was collected with
pixel dwell time of 4 ms and shows a signal-to-noise ra
comparable to single molecule images collected in our
using straight NSOM probes.
The fluorescence image shown in Fig. 1 demonstra
the single molecule detection limits attainable with the le
efficient cantilevered NSOM probes. Another concern wh
using cantilevered NSOM probes operating in tapping mo
is the possibility of degradation in the optical resolution d
to the oscillation of the tip normal to the sample surface. I
important in the tapping-mode arrangement to keep4 © 1998 American Institute of Physics
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 This a ub to IP:maximum vertical tip oscillation distance smaller than t
NSOM tip aperture radius. Minimizing this distance ensu
that the aperture remains within the collimation region a
will, therefore, maintain the highest possible resolution in
fluorescence image. To characterize this effect, NSOM fl
rescence images were taken of a dye doped lipid film a
function of tip oscillation drive amplitude. Figures 2~a! and
2~b! show the same film region imaged using tapping dr
amplitudes of 500 mV and 3 V, respectively. Higher mo
ecule coverages were used in these experiments to com
sate for photobleaching arising from the repeated scannin
the same area. At the lower tapping drive amplitude, F
2~a!, high resolution fluorescence features are obser
which become degraded as the drive amplitude is increa
to 3 V, Fig. 2~b!. While the oscillation amplitude is tip de
pendent and difficult to quantify, with all tips studied,
minimum plateau in the near-field fluorescence spatial re
lution was reached as the drive amplitude was reduced.
indicates that, at low drive amplitudes, the cantilevered
remain within the collimation zone and resolution is n
compromised by the vertical tapping motion.
In addition to the single molecule detection limits illu
trated above, and the ability to track the complicated top
raphy in biological specimens shown previously;7 the study
of structure-function relationships in biological samples
quires that the NSOM probes have the ability to detect sm
changes in surface height for samples in both ambient
aqueous environments. These capabilities are illustrate
Fig. 3 which shows near-field fluorescence and force ima
of DPPC lipid films on a mica substrate both dry, a and
and under water, c and d. The supported films were fa
cated by the vesicle fusion method described by Kalb
co-workers12 and doped with 0.25 mol % diIC18, which se-
lectively partitions into the liquid-like lipid phase and serv
as a marker for the domain structures present in the l
film.
In Figs. 3~a! and 3~b!, the simultaneously measure
NSOM fluorescence and tapping-mode force images, res
tively, of a 12.5mm312.5mm region of a dry lipid film are
shown. The fluorescence structure correlates with the s
height changes observed in the force image. The lower
FIG. 1. 10mm310 mm near-field fluorescence image of single diIC18 mol-
ecules in a DPPC lipid monolayer, taken using a cantilevered fiber o
NSOM probe.
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pography regions in the force image appear brighter in
fluorescence image, indicative of the selective partitioning
the probe molecule into the liquid-like domains of the lip
film. The height changes associated with the coexisting li
phases are less than 1.5 nm, which are easily detected in
force image. Figures 3~c! and 3~d! show corresponding
NSOM fluorescence and tapping-mode force images, res
tively, of a similar lipid film under water. The 7.5mm37.5
mm underwater images of the lipid film show less correlati
between the fluorescence and force images. Fluorescen
observed from both high topography and low topograp
regions of the lipid film which reflects the formation o
multilayer structures in the aqueous environment. These
ages show that minimal degradation in the resolution of
ther the fluorescence or force images is introduced by
aqueous surroundings.
As pointed out previously, the performance characte
tics for cantilevered NSOM probes operating in the tappin
mode arrangement are usually less affected by the aqu
surroundings than with straight probes operating in she
force feedback.6 For a water layer of 1.3 mm, we typicall
find that the amplitude of the resonance is damped less
40% and the resonance frequency, 25–50 kHz, shifts
proximately 100–150 Hz. The tipQ factor, which is typi-
ally 300–500, is reduced to 100–200 in the aqueous e
ronment. We also investigated the effects of probe heatin
both dry and aqueous surroundings by monitoring change
the approach~force! curve as a function of tip outpu
ic
FIG. 2. 10 mm310 mm near-field fluorescence images of single diIC18
molecules in a DPPC monolayer, taken at tip oscillation drive amplitude
~a! 500 mV and~b! 3 V.
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 This aFIG. 3. Near-field fluorescence and topography images of DPPC/diIC18 films in air, a and b, and under aqueous conditions, c and d. In air, the fluoresc
from the liquid-like lipid phase~a! is correlated with the low topography regions observed in~b! the force image. Under aqueous conditions, the fluoresce
~c! and force~d! force images are less correlated and indicate the formation of multilayer films. In both air and aqueous surroundings, the tapping-m
images are sensitive to height changes in the film of less than 1.5 nm.t
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tt.ub to IP:power.10,11,13,14 These changes were also compared
straight NSOM tips to further quantify the differences b
tween the two probe designs. In general, both expansions
contractions of the tips were observed in the approach cu
as the output power was increased to 10 nW. The chan
ranged in magnitude from 0 to 250 nm and were not co
lated with the specific tip geometry~straight versus cantile
vered!. The large spread in observed behavior prevents qu
titative analysis, but generally the magnitude of the chan
decreased by approximately 30–60% in the aqueous env
ment.
The ability of the cantilevered NSOM probes to tra
small topography features on fragile samples in ambient
aqueous environments has been demonstrated. Compa
of images of lipid films taken in air and under water sho
that the lower tip resonance and the decrease of theQ factor
in water are not detrimental to the imaging performan
Moreover, investigation of the effects of drive amplitude
optical resolution reveals that by reducing the drive am
tude, the vertical oscillation of the tip can be maintain
within the collimation region for the light exiting the ape
ture. This illustrates that optical resolution is not comp
mised in the cantilevered design utilizing tapping-mode fo
feedback. While considerably less efficient than conventio
NSOM probes at delivering light to the end of the tip, t
cantilevered probes are still capable of single molecule fl
rescence detection limits. These features combine to ex
rticle is copyrighted as indicated in the article. Reuse of AIP content is s
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the range of NSOM imaging capabilities, which promises
be a valuable tool for future investigations of biological sy
tems.
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